In this manuscript, the nonlinear absorption properties of Cr 2 Ge 2 Te 6 and its application in ultra-fast optical modulation are investigated. Typical parameters, namely, nonlinear absorption coefficient (β), saturation intensity, and modulation depth are measured to be~1.66 × 10 −9 m/W, 15.3 MW/cm 2 , and 5.8%, respectively. To investigate the feasibility of using the Cr 2 Ge 2 Te 6 as an ultra-fast optical modulator, a ring-cavity passively mode-locked Er-doped fiber laser has been constructed. The output power/pulse, duration/pulse, and repetition rate/signal-to-noise ratios for the stable mode-locked operation are 2.88 mW/881 fs/19.33 MHz/48 dB, respectively, which proves that the Cr 2 Ge 2 Te 6 has outstanding nonlinear optical properties and advantages in performing as an ultra-fast optical modulator. Further, the experimental results provide valuable references and open new avenues for developing two-dimensional, material-based, ultra-fast optical modulators and advanced photonic devices based on Cr 2 Ge 2 Te 6 .
Introduction
Over the past decade, layered two-dimensional (2D) materials have been used as a significant regime for exploiting potential optical functional devices, such as ultrafast photo-detectors [1] , broadband optical modulators, and so forth [2] [3] [4] [5] . In particular, benefitting from their unique optical properties, wideband optical modulators constructed by novel 2D-materials have significance in promoting the progress of ultra-fast lasers and their widespread related applications. As is known, graphene has opened the prelude of wide studies on 2D material-based ultra-fast fiber lasers [2] [3] [4] [5] [6] . Additionally, using MoS 2 as a broadband modulator for generating an ultra-fast mode-locked laser was first demonstrated by Zhang et al. in 2014 , which has inspired the investigations on various novel 2D saturable absorber materials due to their obvious advantages [6] . For example, compared with the conventional optical modulators fabricated via semiconductor saturable absorber mirrors (SESAMs), single walled carbon nanotubes (SWCNTs), or quantum dots [7, 8] , 2D materials have obvious advantages from the aspects of having wide absorption bands, easy and low-cost preparation, ultra-fast ps-level recovery time, high optical damage intensity, and low saturation intensity [4] [5] [6] . Different kinds of 2D materials, including topological insulators (TIs) [9] [10] [11] [12] , transition metal dichalcogenides (TMDs) [13] [14] [15] [16] [17] [18] [19] , black phosphorus (BP) [20] [21] [22] [23] , and Mxenes [24, 25] , have been successively designed as optical modulators for generating ultrafast lasers. Nowadays, using 2D materials as modulators, mode-locked fiber lasers possess the properties of low cost, high efficiency, narrow pulse width, and In our work, liquid stripping method and spin coating technology are employed to fabricate the Cr 2 Ge 2 Te 6 -polyvinyl alcohol (PVA) film-type optical modulator. The fabrication processes are listed below. In the first stage, 100 mg Cr 2 Ge 2 Te 6 powder is added into 30 mL 30% alcohol and static soaking for 24 h. Then, in order to prepare the layered nanosheets, the mixture is set in a ultrasonic cleaner for 8 h. Then, the Cr 2 Ge 2 Te 6 -alcohol dispersion is centrifuged at a rate of 2000 rpm for 30 min to remove the precipitation. In the second stage, the 20 mL prepared Cr 2 Ge 2 Te 6 -alcohol dispersion is added into a 30 mL 5 wt.% PVA solution. The mixture is further ultrasonically-mixed for about 6 h. In the third stage, 80 µL Cr 2 Ge 2 Te 6 -PVA solution is transferred to the surface of a glass substrate through a spin-coated method and set into an oven for 24 h at 25 • C. In the final stage, a thin film is successfully fabricated for ultra-fast optical modulator application.
In the experiment, we have firstly measured the Raman characteristics of the Cr 2 Ge 2 Te 6 powder. As described in Figure 1a , obvious Raman shifts of~119 and~140 cm −1 , which, respectively, correspond to the typical A g and E g modes of the Cr 2 Ge 2 Te 6 , are observed [31] . The crystal structure of the Cr 2 Ge 2 Te 6 powder is analyzed by using X-ray diffraction (XRD) and the diffraction XRD spectrum is depicted in Figure 1b . As provided in Figure 1b , typical peaks corresponding to the (003), (006), and (0012) planes in Cr 2 Ge 2 Te 6 are recorded. The (003n) planes indicate that the layered Cr 2 Ge 2 Te 6 powder with good crystallinity has been fabricated [30, 31] . Further, the layered structure of Cr2Ge2Te6 is re-examined by employing a scanning electron microscope (SEM) (Sigma 500, Zeiss, Jena, Germany) and the measured result is shown in Figure 2a . From Figure 2a , it is shown that the Cr2Ge2Te6 fabricated in our experiment manifests obvious layered characteristics. Thus, multi-or single-layer nanosheets could be extracted based on the technique of ultrasonic stripping for optical modulator usage. Figure 2b shows the corresponding energydispersive X-ray spectroscopy (EDX) of the marked area in Figure 2a , and the colors associated with Cr, Ge, and Te are clearly expressed. The corresponding atomic ratio is nearly 2:2:6, which is compatible with the chemical formula of Cr2Ge2Te6. According to the measured results in Figure 2a ,b, it could be indicated that relatively pure Cr2Ge2Te6 with a layered structure is achieved in the experiment. For further testing of the structure after the ultrasonic stripping, the transmission electron microscope (TEM) image of the Cr2Ge2Te6 nanosheet is detected by the TEM microscope (JEM-2100, Jeol, Tokyo, Japan) with a resolution of 20 nm. The typical result is shown in Figure 2c and an irregular layered structure is observed in the TEM image. Figure 2d presents the high resolution TEM (HRTEM) image of the sample captured with a scale of 10 nm. It is shown that the sample reveals a clear crystal lattice, indicating that layered Cr2Ge2Te6 with high crystallinity is obtained. In addition, as is shown, the morphology of nanosheets presented in Figure 2a dramatically differs from their morphology in Figure 2c ,d. Figure 2a shows the SEM image of the powder Cr2Ge2Te6 sample. However, the liquid sample is prepared by soaking, ultrasonic oscillation, and centrifugation in turn to test TEM images shown in Figure 2c ,d, and the preparation process has a great influence on the morphology of the nanosheets. Further, the layered structure of Cr 2 Ge 2 Te 6 is re-examined by employing a scanning electron microscope (SEM) (Sigma 500, Zeiss, Jena, Germany) and the measured result is shown in Figure 2a . From Figure 2a , it is shown that the Cr 2 Ge 2 Te 6 fabricated in our experiment manifests obvious layered characteristics. Thus, multi-or single-layer nanosheets could be extracted based on the technique of ultrasonic stripping for optical modulator usage. Figure 2b shows the corresponding energy-dispersive X-ray spectroscopy (EDX) of the marked area in Figure 2a , and the colors associated with Cr, Ge, and Te are clearly expressed. The corresponding atomic ratio is nearly 2:2:6, which is compatible with the chemical formula of Cr 2 Ge 2 Te 6 . According to the measured results in Figure 2a ,b, it could be indicated that relatively pure Cr 2 Ge 2 Te 6 with a layered structure is achieved in the experiment. For further testing of the structure after the ultrasonic stripping, the transmission electron microscope (TEM) image of the Cr 2 Ge 2 Te 6 nanosheet is detected by the TEM microscope (JEM-2100, Jeol, Tokyo, Japan) with a resolution of 20 nm. The typical result is shown in Figure 2c and an irregular layered structure is observed in the TEM image. Figure 2d presents the high resolution TEM (HRTEM) image of the sample captured with a scale of 10 nm. It is shown that the sample reveals a clear crystal lattice, indicating that layered Cr 2 Ge 2 Te 6 with high crystallinity is obtained. In addition, as is shown, the morphology of nanosheets presented in Figure 2a dramatically differs from their morphology in Figure 2c ,d. Figure 2a shows the SEM image of the powder Cr 2 Ge 2 Te 6 sample. However, the liquid sample is prepared by soaking, ultrasonic oscillation, and centrifugation in turn to test TEM images shown in Figure 2c ,d, and the preparation process has a great influence on the morphology of the nanosheets. Further, the layered structure of Cr2Ge2Te6 is re-examined by employing a scanning electron microscope (SEM) (Sigma 500, Zeiss, Jena, Germany) and the measured result is shown in Figure 2a . From Figure 2a , it is shown that the Cr2Ge2Te6 fabricated in our experiment manifests obvious layered characteristics. Thus, multi-or single-layer nanosheets could be extracted based on the technique of ultrasonic stripping for optical modulator usage. Figure 2b shows the corresponding energydispersive X-ray spectroscopy (EDX) of the marked area in Figure 2a , and the colors associated with Cr, Ge, and Te are clearly expressed. The corresponding atomic ratio is nearly 2:2:6, which is compatible with the chemical formula of Cr2Ge2Te6. According to the measured results in Figure 2a ,b, it could be indicated that relatively pure Cr2Ge2Te6 with a layered structure is achieved in the experiment. For further testing of the structure after the ultrasonic stripping, the transmission electron microscope (TEM) image of the Cr2Ge2Te6 nanosheet is detected by the TEM microscope (JEM-2100, Jeol, Tokyo, Japan) with a resolution of 20 nm. The typical result is shown in Figure 2c and an irregular layered structure is observed in the TEM image. Figure 2d presents the high resolution TEM (HRTEM) image of the sample captured with a scale of 10 nm. It is shown that the sample reveals a clear crystal lattice, indicating that layered Cr2Ge2Te6 with high crystallinity is obtained. In addition, as is shown, the morphology of nanosheets presented in Figure 2a dramatically differs from their morphology in Figure 2c ,d. Figure 2a shows the SEM image of the powder Cr2Ge2Te6 sample. However, the liquid sample is prepared by soaking, ultrasonic oscillation, and centrifugation in turn to test TEM images shown in Figure 2c ,d, and the preparation process has a great influence on the morphology of the nanosheets. The thickness of the Cr 2 Ge 2 Te 6 material determines the saturation intensity and modulation depth, which will also influence its modulation properties in ultra-fast lasers. Consequently, the results of thickness characteristics of the Cr 2 Ge 2 Te 6 are also examined by using an atomic force microscope (AFM, Bruker Multimode 8, Bruker, Karlsruhe, Germany). Six samples with relative individually uniform size and thickness are depicted. Figure The thickness of the Cr2Ge2Te6 material determines the saturation intensity and modulation depth, which will also influence its modulation properties in ultra-fast lasers. Consequently, the results of thickness characteristics of the Cr2Ge2Te6 are also examined by using an atomic force microscope (AFM, Bruker Multimode 8, Bruker, Karlsruhe, Germany). Six samples with relative individually uniform size and thickness are depicted. Figure 3b describes the thickness characteristics of the marked samples. The thicknesses of samples 2-5 are all approximately 23 nm and the thicknesses of samples 1 and 6 are about 21 nm. The overall results reveal that the layered samples with similar thicknesses are prepared, which ensures that the nonlinear optical characteristics of the Cr2Ge2Te6 modulator is controllable. Figure 4a shows the optical transmission property of the Cr2Ge2Te6-PVA film, which is tested by a spectrophotometer (U-4100, Hitachi, Tokyo, Japan). For comparison, the transmission spectra of the substrate and bare PVA films on the substrate are also detected, as shown in Figure 4a . It is indicated that the PVA has little impact on the decrease of the transmittance, while the incorporation of Cr2Ge2Te6 (CGT) decreases the transmission from ~92% to ~88%. Consequently, the absorption is mainly induced by the Cr2Ge2Te6 material. Further, the nonlinear optical characteristic of the Cr2Ge2Te6-PVA film is examined by using an open-aperture Z-scan system (shown in Figure 4b ). The 1064 nm picosecond pulsed laser with a pulse duration of ~25 ps under the pulse repetition rate of ~1 Hz is firstly attenuated by an attenuator and then injected into a 50:50 beam splitter. The reflection is captured by a power detector (D1) and the transmitted laser is focused by a lens with focal length of 150 cm, corresponding to a waist radius at the focal position ~49 μm. The Cr2Ge2Te6 sample is assembled on an electric platform and another power detector (D2) is employed to capture the transmitted beam. The captured results from D1 and D2 are displayed by using a double-channel power meter head (PMH). The laser intensity for the Z-scan setup can be tuned by controlling the input energy. In our work, we controlled the laser intensity level from MW/cm 2 to GW/cm 2 . Figure  4c denotes the measured results obtained under the laser intensity of 13.8 GW/cm 2 at the focal position and the fitting curve, which show that obvious nonlinear absorption properties could be achieved along with the change of beam intensity. Figure 4d shows the experimental and fitting results of the nonlinear absorption properties of the Cr2Ge2Te6-PVA film, which are tested by employing the widely-reported technique [13] . Further, based on the fitting curve of powerdependent nonlinear transmission, the saturation intensity and modulation depth can be achieved by the formula [13] : Figure 4a shows the optical transmission property of the Cr 2 Ge 2 Te 6 -PVA film, which is tested by a spectrophotometer (U-4100, Hitachi, Tokyo, Japan). For comparison, the transmission spectra of the substrate and bare PVA films on the substrate are also detected, as shown in Figure 4a . It is indicated that the PVA has little impact on the decrease of the transmittance, while the incorporation of Cr 2 Ge 2 Te 6 (CGT) decreases the transmission from~92% to~88%. Consequently, the absorption is mainly induced by the Cr 2 Ge 2 Te 6 material. Further, the nonlinear optical characteristic of the Cr 2 Ge 2 Te 6 -PVA film is examined by using an open-aperture Z-scan system (shown in Figure 4b ). The 1064 nm picosecond pulsed laser with a pulse duration of~25 ps under the pulse repetition rate of~1 Hz is firstly attenuated by an attenuator and then injected into a 50:50 beam splitter. The reflection is captured by a power detector (D1) and the transmitted laser is focused by a lens with focal length of 150 cm, corresponding to a waist radius at the focal position~49 µm. The Cr 2 Ge 2 Te 6 sample is assembled on an electric platform and another power detector (D2) is employed to capture the transmitted beam. The captured results from D1 and D2 are displayed by using a double-channel power meter head (PMH). The laser intensity for the Z-scan setup can be tuned by controlling the input energy. In our work, we controlled the laser intensity level from MW/cm 2 to GW/cm 2 . Figure 4c denotes the measured results obtained under the laser intensity of 13.8 GW/cm 2 at the focal position and the fitting curve, which show that obvious nonlinear absorption properties could be achieved along with the change of beam intensity. Figure 4d shows the experimental and fitting results of the nonlinear absorption properties of the Cr 2 Ge 2 Te 6 -PVA film, which are tested by employing the widely-reported technique [13] . Further, based on the fitting curve of power-dependent nonlinear transmission, the saturation intensity and modulation depth can be achieved by the formula [13] :
where T is the transmission, T ns is the non-saturable absorbance, ∆T is the modulation depth, I is the input intensity of laser, and I sat is the saturation intensity. In our experiment, the non-saturable absorbance is 19.8%, and the saturation intensity and modulation depth are calculated to be 15.3 MW/cm 2 and 5.8%, respectively. Additionally, it is noted that Cr 2 Ge 2 Te 6 reduces the transmittance from 92% to 88%, i.e., by 4% (shown in Figure 4a ). However, in Figure 4d , the unsaturated absorbance is indicated Nanomaterials 2019, 9, 789 5 of 10 to be 19.8%; the difference is mainly due to the different pump source. The results shown in Figure 4a were tested by employing a continuous-wave laser as a pump source, meanwhile, a picosecond pulsed laser was used for testing the results shown in Figure 4d . The following is the fitting equations for an open-aperture Z-scan curve [13] :
where z, z 0 , α 0 L, T(z), I 0 , I s , are the sample positions relative to the focus position, the diffraction length of the beam, the modulation depth, the normalized transmittance at z, the peak on-axis intensity at focus, and the saturable intensity, respectively. In our experiment, the diffraction length of the beam, the peak on-axis intensity at focus, and the saturable intensity are 7.06 mm, 13.8 GW/cm 2 , and 15.3 MW/cm 2 , respectively. In addition, based on the mentioned SEM (Sigma 500), the thickness of the Cr 2 Ge 2 Te 6 -PVA film (L) is tested to be about 46 µm (shown in Figure 5 ). where T is the transmission, Tns is the non-saturable absorbance, ΔT is the modulation depth, I is the input intensity of laser, and Isat is the saturation intensity. In our experiment, the non-saturable absorbance is 19.8%, and the saturation intensity and modulation depth are calculated to be 15.3 MW/cm 2 and 5.8%, respectively. Additionally, it is noted that Cr2Ge2Te6 reduces the transmittance from 92% to 88%, i.e., by 4% (shown in Figure 4a ). However, in Figure 4d , the unsaturated absorbance is indicated to be 19.8%; the difference is mainly due to the different pump source. The results shown in Figure 4a were tested by employing a continuous-wave laser as a pump source, meanwhile, a picosecond pulsed laser was used for testing the results shown in Figure 4d .
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where z, z0, α0L, T(z), I0, Is, are the sample positions relative to the focus position, the diffraction length of the beam, the modulation depth, the normalized transmittance at z, the peak on-axis intensity at focus, and the saturable intensity, respectively. In our experiment, the diffraction length of the beam, the peak on-axis intensity at focus, and the saturable intensity are 7.06 mm, 13.8 GW/cm 2 , and 15.3 MW/cm 2 , respectively. In addition, based on the mentioned SEM (Sigma 500), the thickness of the Cr2Ge2Te6-PVA film (L) is tested to be about 46 μm (shown in Figure 5 ). where T is the transmission, Tns is the non-saturable absorbance, ΔT is the modulation depth, I is the input intensity of laser, and Isat is the saturation intensity. In our experiment, the non-saturable absorbance is 19.8%, and the saturation intensity and modulation depth are calculated to be 15.3 MW/cm 2 and 5.8%, respectively. Additionally, it is noted that Cr2Ge2Te6 reduces the transmittance from 92% to 88%, i.e., by 4% (shown in Figure 4a ). However, in Figure 4d , the unsaturated absorbance is indicated to be 19.8%; the difference is mainly due to the different pump source. The results shown in Figure 4a were tested by employing a continuous-wave laser as a pump source, meanwhile, a picosecond pulsed laser was used for testing the results shown in Figure 4d . The following is the fitting equations for an open-aperture Z-scan curve [13] :
where z, z0, α0L, T(z), I0, Is, are the sample positions relative to the focus position, the diffraction length of the beam, the modulation depth, the normalized transmittance at z, the peak on-axis intensity at focus, and the saturable intensity, respectively. In our experiment, the diffraction length of the beam, the peak on-axis intensity at focus, and the saturable intensity are 7.06 mm, 13.8 GW/cm 2 , and 15.3 MW/cm 2 , respectively. In addition, based on the mentioned SEM (Sigma 500), the thickness of the Cr2Ge2Te6-PVA film (L) is tested to be about 46 μm (shown in Figure 5 ). Based on the equations:
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where I out and I in are the output and input power used for testing the optical transmission property. Thus, combined with the data shown in Figure 4a (T 0 = 83.37%), α 0 is calculated to be 29.34 cm −1 . Therefore, the value of the nonlinear absorption coefficient β is calculated to be about 1.66 × 10 −9 m/W, which is in the same order of magnitude with TMDs. The results revealed above show that the Cr 2 Ge 2 Te 6 exhibits suitable bandgap value sand excellent nonlinear absorption properties.
Experimental Setup
In order to validate the feasibility of using the homemade Cr 2 Ge 2 Te 6 -PVA sample as an ultra-fast absorption modulator, an Er-doped and mode-locked laser is constructed based on an all fiberized ring cavity. The experimental construction is provided in Figure 6 . A pigtailed laser diode (LD) with a central wavelength of 976 nm is employed to pump just~36 cm highly Er-doped active fiber (EDF) (Liekki, Er-110, Nlight, Vancouver, WA, USA) with a core diameter of 4 µm via a wavelength division multiplexing (WDM) device. The absorption coefficient of the gain fiber is about~60 dB/m at 976 nm and~110 dB/m at 1530 nm. A polarization independent isolator (PI-ISO) guarantees the unidirectional transmission within the ring laser cavity. Two polarization controllers (PC1 and PC2) are incorporated into the laser cavity for polarization state adjustments. A 1 × 1 mm 2 Cr 2 Ge 2 Te 6 -PVA film is cut off and transferred to the end of an optical connector for use as an ultra-fast absorption modulator. Finally, the output fiber laser is delivered from the 10% port of a 10:90 optical coupler (Coupler). In the experiment, a piece of single-mode fiber (SMF) is employed to adjust the dispersion characteristic, and the overall length of the passive fiber is about~10.27 m. It is speculated that the final length of the ring fiber laser cavity is~10.63 m, with a net dispersion value of~0.205 ps 2 .
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Afterwards, the homemade modulator is added into the cavity for ultra-fast modulation. When the pump power is higher than 115 mW, a stable mode-locked pulse train is observed in the experiment, which indicates that the ultra-fast modulation effect is caused by the Cr 2 Ge 2 Te 6 -PVA. Figure 8a shows the average output power scaling characteristics along with the increase of pump power. A maximal output power of 2.88 mW could be achieved under the injected pump power of 185 mW, which corresponds to an optical conversion efficiency of~1.56%. At maximal output power, the optical spectrum of the mode-locked ring fiber laser is shown in Figure 8b . It is shown that the soliton spectrum with typical Kelly side-band peaks is observed. The central wavelength is 1561.57 nm with a 3 dB spectral width of 6.83 nm. Figure 8c depicts one of the typical pulse trains at maximal output power. The pulse-to-pulse time is 51.73 ns and the pulse repetition rate is recorded to be~19.33 MHz, exhibiting a cavity-length dependent property. The autocorrelation trace recorded by a autocorrelator (103XL) is shown in Figure 8d . By fitting with a sech 2 function, the full width at half-maximum of the output pulse is calculated to be~881 fs. The corresponding pulse energy and peak power are~0.149 nJ and 169.1 W, respectively, due to the fact that the pulsed laser is delivered from the 10% port of a 10:90 optical coupler. Thus, the pulse energy and peak power in the modulator are estimated to be 1.34 nJ and 1.52 kW. Afterwards, the homemade modulator is added into the cavity for ultra-fast modulation. When the pump power is higher than 115 mW, a stable mode-locked pulse train is observed in the experiment, which indicates that the ultra-fast modulation effect is caused by the Cr2Ge2Te6-PVA. Figure 8a shows the average output power scaling characteristics along with the increase of pump power. A maximal output power of 2.88 mW could be achieved under the injected pump power of 185 mW, which corresponds to an optical conversion efficiency of ~1.56%. At maximal output power, the optical spectrum of the mode-locked ring fiber laser is shown in Figure 8b . It is shown that the soliton spectrum with typical Kelly side-band peaks is observed. The central wavelength is 1561.57 nm with a 3 dB spectral width of 6.83 nm. Figure 8c depicts one of the typical pulse trains at maximal output power. The pulse-to-pulse time is 51.73 ns and the pulse repetition rate is recorded to be ~19. 33 MHz, exhibiting a cavity-length dependent property. The autocorrelation trace recorded by a autocorrelator (103XL) is shown in Figure 8d . By fitting with a sech 2 function, the full width at halfmaximum of the output pulse is calculated to be ~881 fs. The corresponding pulse energy and peak power are ~0.149 nJ and 169.1 W, respectively, due to the fact that the pulsed laser is delivered from the 10% port of a 10:90 optical coupler. Thus, the pulse energy and peak power in the modulator are estimated to be 1.34 nJ and 1.52 kW. Afterwards, the homemade modulator is added into the cavity for ultra-fast modulation. When the pump power is higher than 115 mW, a stable mode-locked pulse train is observed in the experiment, which indicates that the ultra-fast modulation effect is caused by the Cr2Ge2Te6-PVA. Figure 8a shows the average output power scaling characteristics along with the increase of pump power. A maximal output power of 2.88 mW could be achieved under the injected pump power of 185 mW, which corresponds to an optical conversion efficiency of ~1.56%. At maximal output power, the optical spectrum of the mode-locked ring fiber laser is shown in Figure 8b . It is shown that the soliton spectrum with typical Kelly side-band peaks is observed. The central wavelength is 1561.57 nm with a 3 dB spectral width of 6.83 nm. Figure 8c depicts one of the typical pulse trains at maximal output power. The pulse-to-pulse time is 51.73 ns and the pulse repetition rate is recorded to be ~19. 33 MHz, exhibiting a cavity-length dependent property. The autocorrelation trace recorded by a autocorrelator (103XL) is shown in Figure 8d . By fitting with a sech 2 function, the full width at halfmaximum of the output pulse is calculated to be ~881 fs. The corresponding pulse energy and peak power are ~0.149 nJ and 169.1 W, respectively, due to the fact that the pulsed laser is delivered from the 10% port of a 10:90 optical coupler. Thus, the pulse energy and peak power in the modulator are estimated to be 1.34 nJ and 1.52 kW. Figure 9a provides the radio frequency (RF) spectrum of the mode-locked operation at maximal pump power, which is recorded under a bandwidth of 5 MHz and a resolution of 1 kHz. It is obvious that the mode-locked operation is operating at the frequency of 19.33 MHz with a signal-to-noise ratio of~48 dB. Figure 9b gives the RF spectrum recorded within a bandwidth of 1 GHz. The overall results provided in Figure 9a ,b demonstrate that the mode-locked fiber laser operates in a stable state, which validates the capability of the homemade Cr 2 Ge 2 Te 6 -PVA saturable absorber as an ultra-fast optical modulator. pump power, which is recorded under a bandwidth of 5 MHz and a resolution of 1 kHz. It is obvious that the mode-locked operation is operating at the frequency of 19.33 MHz with a signal-to-noise ratio of ~48 dB. Figure 9b gives the RF spectrum recorded within a bandwidth of 1 GHz. The overall results provided in Figure 9a ,b demonstrate that the mode-locked fiber laser operates in a stable state, which validates the capability of the homemade Cr2Ge2Te6-PVA saturable absorber as an ultra-fast optical modulator. In Table 1 , we provide typical comparative data of 2D material-based Er-doped mode-locked fiber lasers. As is shown, dates of typical 2D materials, including BP [20] , TI [12] and TMDs [16] [17] [18] [19] are provided. From the comparative data, we can draw the conclusion that Cr2Ge2Te6 exhibits relatively low saturable intensity and modulation depth, which lead to a small amount of energy within a fs-level pulse. All the obtained results and the comparative data prove Cr2Ge2Te6 has excellent nonlinear absorption properties and performance in acting as an ultra-fast modulator. Note: αs = modulation depth; Isat = saturable intensity; λc = Central Wavelength; τ = the pulse duration; Epulse = the pulse energy.
Conclusions
In conclusion, the Cr2Ge2Te6 sample with β, Isat, and αs values of 1.66 × 10 −9 m/W, 15.3 MW/cm 2 , and 5.8%, respectively, was successfully prepared. By using the homemade Cr2Ge2Te6 sample as an ultra-fast optical modulator, the Er-doped ring fiber laser with stably mode-locked state was first In Table 1 , we provide typical comparative data of 2D material-based Er-doped mode-locked fiber lasers. As is shown, dates of typical 2D materials, including BP [20] , TI [12] and TMDs [16] [17] [18] [19] are provided. From the comparative data, we can draw the conclusion that Cr 2 Ge 2 Te 6 exhibits relatively low saturable intensity and modulation depth, which lead to a small amount of energy within a fs-level pulse. All the obtained results and the comparative data prove Cr 2 Ge 2 Te 6 has excellent nonlinear absorption properties and performance in acting as an ultra-fast modulator. Note: α s = modulation depth; I sat = saturable intensity; λ c = Central Wavelength; τ = the pulse duration; E pulse = the pulse energy.
In conclusion, the Cr 2 Ge 2 Te 6 sample with β, I sat , and α s values of 1.66 × 10 −9 m/W, 15.3 MW/cm 2 , and 5.8%, respectively, was successfully prepared. By using the homemade Cr 2 Ge 2 Te 6 sample as an ultra-fast optical modulator, the Er-doped ring fiber laser with stably mode-locked state was first demonstrated. A pulse duration of 881 fs under a repetition rate of 19.33 MHz was achieved. The experiment results show that Cr 2 Ge 2 Te 6 has excellent nonlinear absorption properties, which could give a valuable reference for further investigating the applications of Cr 2 Ge 2 Te 6 in ultra-fast optics.
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